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Motivation

• The nature of Dark Matter is one of the fundamental questions we are
trying to find the answer to

• One approach to resolving the tension between different direct detection
experiments has been to exploit differences in kinematics and couplings
introduced by using different target nuclei

• This has been done for example in the inelastic Dark Matter (iDM) and
Magnetic inelastic Dark Matter (MiDM) models

D. Smith,N. Weiner, arXiv : 0101138, S. Chang,N. Weiner,I. Yavin PRD82, 125011 (2010)

• iDM typically has a small splitting (δ ∼ 100 keV) relative to the WIMP
mass (mχ ∼ 100 GeV)
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Motivation

• This splittings can be generated in extra dimensional models with a large
compactification radius

• This leads to higher Kaluza Klein modes that a WIMP can scatter to

• Can this scenario make it easier to resolve the tension between current
data from Direct Detection Experiments?
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Fluffy WIMP

• A simple generalization of iDM where an incoming WIMP can scatter off
of a nucleus to a tower of states

• To be excited to each state there is a minimum velocity the WIMP

v j
min =

√
1

2mNER

(
mNER

µ
+ δj

)

• For simplicity we assumed that δj = jδ and σn is a constant for
excitations to each state in the tower
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Fluffy WIMP

• The differential rate of scattering is given by
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D.P. Finkbeiner, T. Lin, N. Weiner, arXiv : 0906.0002

• γ is the angle between the earth’s velocity and the recoil velocity of the
WIMP in the earth’s frame

κ = NT
ρχ
mχ

σnmN

2µn

(fpZ + A− Z )fn)2

f 2
n

• The scattering rate is proportional to σn
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General Procedure for Parameter Space scans

• Fit 12 bins (2-8 keVee) DAMA annual modulation amplitude spectrum
• There are three free parameters - mχ,δ and σn

• As σn is an overall constant in the rate we can scale this to find the best
fit for a fixed mχ and δ

• We plot contours for a χ2 of 1,1.5 and 2 per degree of freedom
• This is what a sample plot for the DAMA fit would look like
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• The corresponding plot for the σn scaling factor values that minimized χ2
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• σn = scaling factor×10−40 cm2
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• Next we mark out regions of the DAMA allowed space that are excluded
at 90% CL by each relevant Direct Detection experiment

XENON100 '09

XENON100 '10

CDMS II
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• XENON100 ’09 : 161 kg days , 7.4 - 29.1 keV
• XENON100 ’10 : 48x100.9 kg days, 8.4 - 44.6 keV
• CDMS II : 194.1 kg days, 10-100 keV
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• For a given mχ the region of high δ corresponds to iDM.

XENON100 '09

XENON100 '10

CDMS II

50 100 150 200 250 300 350

5

30

60

90

120

150

180

50 100 150 200 250 300 350

5

30

60

90

120

150

180

MWIMPHGeV L

∆
Hk

eV
L

• This is consistent with iDM being ruled out by the latest XENON100
results.

Farina et al, arXiv:1104.3572)
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• We look at lower mχ and δ values to see if this region of parameter
space is allowed
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• CDMS (low threshold) : 241 kg days, 2 - 5 keV window considered
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Magnetic Fluffy WIMP

• As was done in the Magnetic inelastic Dark Matter model one way of
suppressing rates relative to DAMA is to consider WIMPs with a
magnetic dipole moment

Chang,Weiner,Yavin PRD82, 125011 (2010)

• This allows for dipole-dipole interactions as well as dipole-charge
interactions
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• The DZ term is proportional to µ2
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• In addition to being proportional to µ2
χ the DD term is proportional to µ2

nuc
and so one would expect a suppression when going from Iodine as a
target to Xenon
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=
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FIG. 1: The weighted-atomic mass and weighted-magnetic
dipole moment (Eq. (2) in units of the nuclear magneton µN

of various dark matter search targets. (C,O and Ca,Ar have
been shifted slightly so as not to overlay each other.)

II. MAGNETIC INELASTIC DARK MATTER

If one wants to understand how DAMA could have a
positive signal while other experiments do not, there are
many directions one can pursue. Narrowing the focus
on nuclear recoils induced by WIMP collisions, we must
examine what the differences are between NaI and the
other existing targets.

The original iDM proposal focused on a single dimen-
sion, namely the kinematical properties of iodine. As it
is much heavier than many targets, in particular germa-
nium, this allowed a significant departure from conven-
tional elastic expectations. The fact that DAMA focuses
on relatively high energies (∼ 20+ keVR off iodine as-
suming the standard quenching factor qI = 0.08) and
modulation gave additional changes when comparing to
elastic scattering limits, but ultimately the key distinc-
tion was the kinematical change of a heavy target.

This simple one-dimensional analysis is important, but
iodine’s magnetic properties also distinguish it from most
other target nuclei. The quantity that we will see is most
relevant is the weighted dipole moment

µ̄ =


 �

isotope

fiµ
2
i

Si + 1

Si




1/2

, (2)

where fi, µi, and Si are the elemental abundance, nu-
clear magnetic moment, and spin, respectively, of isotope
i. We show in Fig. 1 the abundance-weighted atomic
masses, and the weighted dipole moment of various tar-
get nuclei. We see that while tungsten (W) has a large
mass, its magnetic moment is rather small. Fluorine (F)
and sodium (Na) have large magnetic dipoles but are very
light. Xenon (Xe) has a couple of isotopes with apprecia-
ble dipoles, however, they are insufficient to make it com-
petitive with iodine. The combination of large mass and

large dipole makes the iodine target used by DAMA quite
unique among the nuclear targets, with only KIMS’ [50]
cesium (Cs) target similar in its qualitative features. The
iodine dipole arises dominantly from the angular momen-
tum of unpaired protons [51], with additional contribu-
tions from the neutron and proton spin.

We are therefore led to consider models that make both
kinematical and magnetic distinctions between targets.
Since its proposal, the focus of iDM model building has
dominantly been on electrically coupled WIMPs, either
directly to charge, or to some combination of the mass
number A and the atomic number Z, such as through the
Z0-boson. Since we wish to take advantage of the large
magnetic dipole of iodine, we instead focus on models of
magnetically-coupled inelastic dark matter (MiDM).

III. SCENARIOS FOR MIDM

The magnetic interactions of a WIMP can appear at
different orders in the multipole expansion. The first
order, namely a magnetic monopole, is interesting but
problematic [70]. Instead we choose to focus on the case
of a magnetic dipole which has a sizable interaction with
the magnetic dipole of iodine. However, a magnetically
interacting WIMP also feels a velocity-suppressed inter-
action with the charge of the nucleus, thus one cannot
simply consider scattering off magnetic moments. For
iodine the contribution from Z2v2 is subdominant to
µ2, but for magnetically-challenged nuclei, such as W,
or even Xe, the charge coupling can dominate the scat-
tering.

A. Dipole-Dipole Inelastic Scattering

The idea that the WIMP could have a magnetic dipole
has been long studied (see., e.g., [53–58].) The dipole
operator is naturally off-diagonal [44, 59], and mediates
transitions between the ground state χ and the excited
state χ∗ ,

L ⊃
�µχ

2

�
χ̄∗σµνF

µνχ + c.c. (3)

where µχ is the dipole strength and σµν = i[γµ, γν ]/2.
[55] considered such transitions in the early universe for
dark matter in the range of few keV− few MeV. [60] con-
sidered inelastic WIMP dipole-nuclear charge scattering
to explain DAMA. Such an interaction, however, does
not significantly change the relative strength of the vari-
ous experiments compared with charge-charge (i.e., vec-
tor current) interactions, and the viability of the scenario
found in [60] was largely because the significant con-
straints from the CRESST experiment were ignored. [44]
considered a related idea, studying the parameter space
under the assumption of an iDM that couples to pro-
ton nuclear spin exclusively, although no particle physics
model generating the required interaction was found.

Chang,Weiner,Yavin PRD82, 125011 (2010)
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• The overall rate is proportional to µχ
2

• Again we have three free parameters - mχ,δ and µχ and we follow the
same procedure as earlier, except we scale µχ this time

• µχ =(scaling factor)
1
2× (0.001) µN
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• The constraints from KIMS is expected to be strong as the target is CsI
and both Cs and I have high magnetic moments

• KIMS : 3409 kg days, 20 - 100 keV
• XENON100 excludes this entire region despite having a low magnetic

moment
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• We look at lower mχ and δ and include scattering from Na which also
has a high magnetic moment
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• Other experiments considered which do not exclude any part of the
allowed parameter space were - ZEPLIN III, CRESST II (W band) and
CDMS with a low threshold
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• The strongest constraints are from XENON100 ’10. However, there is
still an allowed region from 10-12 GeV .

XENON100 '10

XENON100 '10

8 10 12 14 16 18 20 22 24

1

5

10

15

20

25
8 10 12 14 16 18 20 22 24

1

5

10

15

20

25

MWIMPHGeV L

∆
Hk

eV
L

• CRESST oxygen band data do not exclude this allowed region because
of the small magnetic moment of oxygen.
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Conclusions

• Fluffy WIMPS are excluded by the latest XENON100 data and low
threshold CDMS bounds

• Magnetic Fluffy WIMPS with mχ ∼ 10− 12 GeV and δ < 15keV are
allowed

• CDMS with its low threshold of 2 keV should be sensitive to this region
with more exposure
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Figure 9: Energy distribution of the Sm,k variable for the total exposure (0.82 ton×yr,
DAMA/NaI & DAMA/LIBRA). See text. A clear modulation is present in the lowest
energy region, while Sm,k values compatible with zero are present just above. In fact,
the Sm,k values in the (6–20) keV energy interval have random fluctuations around
zero with χ2 equal to 24.4 for 28 degrees of freedom. See also Appendix A.

The method also allows the extraction of the Sm (hereafter the index k is omitted)
values for each detector, for each annual cycle as well as for each considered energy
bin. The Sm are expected to follow a normal distribution in absence of any systematic
effects. Therefore, in order to show if they are statistically well distributed in all the

crystals, in all the annual cycles and in the energy bins, the variable x = Sm−〈Sm〉
σ is

considered. Here, σ are the errors associated to Sm and 〈Sm〉 are the mean values of the
Sm averaged over the detectors and the annual cycles for each considered energy bin
(in the following ∆E = 0.25 keV). Similar investigations have already been performed
also for DAMA/NaI [4, 5].

Figure 10 shows the distributions of the variable x for the DAMA/LIBRA data in
the (2–6) keV energy interval plotted for each detector separately (i.e. the entries of
each histogram are the 64 x values, evaluated for the 16 energy bins in the consid-
ered (2–6) keV energy interval and for the 4 DAMA/LIBRA annual cycles). These
distributions allow one to conclude that the observed annual modulation effect is well
distributed in all the detectors and annual cycles. In fact, the standard deviations
of the x variable for the DAMA/LIBRA detectors range from 0.80 to 1.16 (see also
Fig. 11–bottom). Defining χ2 = Σx2 – where the sum is extended over all the 64 x
values – χ2/d.o.f. values ranging from 0.7 to 1.28 (see Fig. 11–top) are obtained. The
corresponding upper tail probabilities range from about 97% to 6%. Therefore, the
observed annual modulation effect is well distributed in all the detectors at 95% C.L..
The χ2/d.o.f. values of the DAMA/LIBRA detectors show a distribution around their
expectation value (see Fig. 11–top). The twenty-four points follow a χ2 distribution
with 64 degrees of freedom; in fact, when compared with the expectation in Fig. 11–
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FIG. 1. (color online). Comparison of the energy spectra
for the candidate events and background estimates, co-added
over the 8 detectors used in this analysis. The observed event
rate (error bars) agrees well with the electron-recoil back-
ground estimate (solid), which is a sum of the contributions
from zero-charge events (dashed), surface events (+), bulk
events (dash-dotted), and the 1.3 keV line (dotted). The
gray band denotes the 1σ statistical errors on the background
estimate. The selection efficiencies have been applied to the
background estimates for direct comparison with the observed
rate, which does not include a correction for the nuclear-recoil
acceptance. The inset shows the measured nuclear-recoil ac-
ceptance efficiency, averaged over all detectors.

tion of candidates in the ionization-yield versus recoil-
energy plane for T1Z5. A band of events with ionization
energies consistent with noise is seen below the nuclear-
recoil band. Most or all of these “zero-charge” events
arise from electron recoils near the edge of the detec-
tor, where the charge carriers can be completely collected
on the cylindrical wall rather than on the readout elec-
trodes. At recoil energies !10 keV, these events can be
rejected using a phonon-based fiducial-volume cut; how-
ever, at lower energies, reconstruction of the event radius
using phonon information is unreliable. To maintain ac-
ceptance of low-energy nuclear recoils, some zero-charge
events are not rejected at energies "5 keV where the ion-
ization signal for nuclear recoils becomes comparable to
noise. By extrapolating the exponential spectrum ob-
served for zero-charge events above 5 keV, we estimate
that they contribute 40–60% of the candidate events.

A second source of misidentified electron recoils comes
from events interacting near the detector surfaces, where
ionization collection may be incomplete. These events
are primarily concentrated in a band above the nuclear-
recoil band but below the bulk electron recoils, with an
increased fraction leaking into the signal region at low
energies. For recoil energies !10 keV, nearly all such sur-
face events can be rejected [13] because they have faster-
rising phonon pulses than nuclear recoils in the bulk of
the detector. This analysis does not use phonon timing
to reject these events since the signal-to-noise is too low
for this method to be effective for recoil energies "5 keV.
Extrapolating the exponential spectrum of surface events
identified above 10 keV implies that 10–20% of the can-
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FIG. 2. (color online). Events in the ionization-yield ver-
sus recoil-energy plane for T1Z5. Events lying within the
(+1.25, −0.5)σ nuclear-recoil band (solid) are WIMP candi-
dates (large dots). Events lying outside these bands (small
dots) pass all selection criteria except the ionization-energy
requirement. The widths of the band edges denote variations
between data runs. The recoil-energy scale assumes the ion-
ization signal is consistent with a nuclear recoil, causing elec-
tron recoils to be shifted to higher recoil energies and lower
yields.

didates are surface electron recoils.
At recoil energies "5 keV, the primary ionization-

based discrimination breaks down as the ionization sig-
nal becomes comparable to noise even for electron recoils
with fully collected charge. Extrapolating the roughly
constant electron-recoil spectrum observed above 5 keV
indicates that 10–15% of the observed candidates arise
from leakage of this background into the signal region.
As shown in Fig. 2, T1Z5 has less leakage from this
background than the average detector since it has the
best ionization resolution. Just above threshold, there is
an additional contribution to the constant electron-recoil
spectrum from the 1.3 keV line, which leaks above the
2 keV analysis threshold since our recoil-energy estimate
assumes the ionization signal is consistent with a nuclear
recoil. The measured intensity of this line at ionization
yields above the signal region indicates that the 1.3 keV
line accounts for 5–15% of the observed candidates.

Monte Carlo simulations indicate that neutrons, whose
nuclear recoils are indistinguishable from WIMPs, pro-
duce a negligible "0.2 event background.

As shown in Fig. 1, the observed candidate spectrum
can be accounted for with known backgrounds, and there
is no evidence for a signal. However, since the back-
ground model involves sufficient extrapolation that sys-
tematic errors are difficult to quantify, we do not sub-
tract this background but instead set upper limits on the
allowed WIMP-nucleon scattering cross section by con-
servatively assuming all observed events could be from
WIMPs. Limits are calculated using the high statistics
version of Yellin’s optimum interval method [21]. Data
from multiple detectors are concatenated as described
in [16] due to the presence of significant backgrounds,
which are expected to vary by detector. The candidate
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